The major histocompatibility complex (MHC) is known to harbour genetic risk factors for type 1 diabetes (T1D) additional to the class II determinants HLA-DRB1, -DQA1 and -DQB1, but strong linkage disequilibrium (LD) has made efforts to establish their location difficult. This study utilizes a dataset generated by the T1D genetics consortium (T1DGC), with genotypes for 2965 markers across the MHC in 2321 T1D families of multiple (mostly Caucasian) ethnicities. Using a comprehensive approach consisting of complementary conditional methods and LD analyses, we identified three regions with T1D association, independent both of the known class II determinants and of each other. A subset of polymorphisms that could explain most of the association in each region included single nucleotide polymorphisms (SNPs) in the vicinity of HLA-G, particular HLA-B and HLA-DPB1 alleles, and SNPs close to the COL11A2 and RING1 genes. Apart from HLA-B and HLA-DPB1, all of these represent novel associations, and subpopulation analyses did not indicate large population-specific differences among Caucasians for our findings. On account of the unusual genetic complexity of the MHC, further fine mapping is demanded, with the possible exception of HLA-B. However, our results mean that these efforts can be focused on narrow, defined regions of the MHC.
Introduction
Type 1 diabetes (T1D) is characterized by an autoimmune destruction of insulin-producing b-cells of the pancreas. The major heritable factor in the development of this disease is known to be conferred by certain haplotypes of the major histocompatibility complex (MHC) class II genes HLA-DRB1, -DQA1 and -DQB1 (for example see, Thomson et al., Todd et al., Sheehy et al., Noble et al., [1] [2] [3] [4] ). However, the MHC contains an unusually high density of genes involved in immune functions, 5 many of which are good candidates for involvement in T1D. Not surprisingly, therefore, numerous reports have strongly suggested the existence of additional T1D risk factors within this region (for example see, Aly et al., Lie et al., Nejentsev et al., Zavattari et al., Johansson et al. [6] [7] [8] [9] [10] [11] [12] ). The identification of these factors has, however, proven difficult, mainly because of the strong and extensive linkage disequilibrium (LD) in this region, with ancestral haplotypes conserved as far as 9 Mb. 6 In combination with the sheer strength of the DRB1-DQA1-DQB1 association, which outweighs that of any other genetic T1D risk factor found to date, this serves as a severe confounding factor that compromises conventional association strategies. Furthermore, controlling for these factors is challenged by the complexity of the association and high polymorphism of the DRB1-DQA1-DQB1 loci, resulting in a vast number of parameters.
The identification of additional susceptibility loci within the MHC has been the focus of the T1D genetics consortium (T1DGC 13 ) MHC fine-mapping project, under which 2321 multiplex families with T1D have been genotyped for 2957 single nucleotide polymorphisms (SNPs), 66 microsatellites and eight HLA-loci spread across the entire classical MHC. We have used a set of complementary approaches with focus on controlling not only for LD effects of the DRB1-DQA1-DQB1 loci, but also for that of neighbouring markers, on the SNP and HLA-data from this dataset. This way, we identified four independent regions and narrowed these further down to a few markers. Although we cannot claim to have identified all of the additional T1D risk factors in this region, this represents a significant step towards this goal, and will guide further efforts to a small subset of genes instead of the entire MHC region.
Results
Conventional transmission disequilibrium tests of the SNPs and HLA-loci in the T1DGC MHC dataset yielded hundreds of markers with highly significant associations across the entire MHC region, with the maximum association peaking around the HLA-DRB1, -DQA1 and -DQB1 genes (data not shown). Thus, the pivotal role of these genes in T1D and the extensive LD in the MHC were confirmed. To examine additional effect in this region, we applied a multi-step approach, summarized as follows: (1) All markers were tested, one at a time, for an association independent of DRB1-DQA1-DQB1. This was done by (individually) adding markers in a regression model which already included genotypes for DRB1-DQA1-DQB1; (2) A smaller subset of markers that could explain the results from the previous step was identified by forward and backward selection on top of DRB1-DQA1-DQB1, treating SNPs and HLA-loci separately; (3) The latter procedure was repeated, but this time also adjusting for the best markers of the other type identified in step 2: that is, SNPs were modeled adjusting for DRB1-DQA1-DQB1 and the best HLA-loci from step 2, and vice versa; (4) All of the significant results from steps 2 and 3 were analysed in more detail by conditional allelic tests based on haplotype estimates, as well as the analyses of LD patterns. Importantly, before all analyses we recoded the HLA-DRB1, -DQA1 and -DQB1 genotypes into phased haplotypes spanning all three loci, and treated these haplotypes as alleles of a single locus to reduce complexity (see Supplementary Methods).
First step: single point associations independent of DRB1-DQA1-DQB1 Single point main effect tests of the SNPs, adjusted for the DRB1-DQA1-DQB1 genotypes, were performed in the all-affecteds dataset (including all-affected children, see Materials and methods). After Bonferroni correction for multiple testing (threshold ¼ 0.05/2296 SNPs ¼ 2.2 Â 10 -5 ), 76 SNPs remained with significant T1D association independent of DRB1-DQA1-DQB1 (Supplementary Table 1 ). These SNPs were concentrated in four regions (Figure 1 ), broadly marked by proximity to either MHC class I loci (HLA-G and HLA-C or -B, respectively) or MHC class II loci (DRB1-DQA1-DQB1 and HLA-DPA1 or -DPB1, respectively). LD plots for these SNPs showed that the four regions appeared distinct, especially in terms of r 2 (average r 2 within each of the regions: 0.17-0.30; average r 2 between regions o0.03; Figure 2a ). Regions 1 and especially 4 also appeared distinct from the other regions in terms of D', whereas the border between regions 2 and 3 was less well-defined ( Figure 2b ).
Single point main effects tests were also applied to HLA-loci, but using the proband dataset, which included ) are shown. SNPs that withstood regression modeling (Tables 2 and 4 ) and the four regions discussed in the text are indicated. Note that the results for rs2076522, rs660895 and rs6457617 in region 3 were later shown to be artefacts. Positions of genotyped HLA-loci (black) and other genes discussed in the text (grey) are included for reference. Positional values are along chromosome 6, genome build 36.
only one affected child per family (more suitable for testing of multiallelic markers; see Materials and methods). In these tests, all HLA-loci except HLA-DPA1 showed effects on T1D risk independent of the DRB1-DQA1-DQB1 genotypes, with the most significant association for HLA-B and -DPB1 (Table 1 ).
Second step: separate model selection for SNPs and HLA-loci To explore dependency between the SNP associations, we performed conditional logistic regression modeling on the 76 significant SNPs from the single point tests, using the all-affecteds dataset. We used the SNP with the lowest P-value in each of the four regions as starting points, and then performed forward and backward selection until no more SNPs could be included (a ¼ 0.01). The final model contained nine SNPs spread across the four regions ( Table 2) .
The HLA-loci were tested by a similar strategy, but using the proband dataset. Because of the smaller number of markers, we included all HLA-loci from the start. The results showed that the best model was provided by inclusion of HLA-C, -B and -DPB1 together with the DRB1-DQA1-DQB1 haplotypes ( Table 3) . As in the previous step, HLA-DPA1 was non-significant and HLA-B the most significant. In contrast to the singlepoint tests, HLA-A only appeared to have a marginal effect in this step. This appeared to be because of the presence of HLA-B in the model: when HLA-B was omitted from the model, HLA-A was significantly associated (P ¼ 0.0060), but if HLA-B was present and instead HLA-DPB1 was removed, HLA-A obtained a P-value of 0.087. Third step: model selection combining SNPs and HLA-loci To investigate the relationship between associated SNPs and HLA-loci, we repeated the regression modeling procedures described above, but with the additional inclusion of the best markers of the other type identified in the previous step. For the SNPs, this meant modeling on the 76 significant SNPs from the first step, with HLA-C, -B and -DPB1 (best model step 2; Table 3 ) in the regression model together with DRB1-DQA1-DQB1. 
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Analyses were performed in the proband dataset.
a HLA-A, -DPA1 and -DPB1 are close to, but not within the boundaries of the regions as defined by the SNPs (cf. Figure 1) . HLA-A, -DPA1 and -DPB1 are close to, but not within the boundaries of the regions as defined by the SNPs (cf. Figure 1 ).
With this approach, the final model contained six SNPs, two in each of the first three regions, but none in region 4 ( Table 4) . One of the SNPs, rs6926530 in region 2, was also present in the final SNP model from step 2. Similarly, we repeated the regression modeling of the HLA-loci with the additional inclusion of the best SNPs from step 2 (nine SNPs; Table 2 ) in the regression model. This procedure left only HLA-C and HLA-B with significant P-values ( Table 5 ). The significance levels of these markers were also markedly changed compared with previous results (cf. Tables 1 and 3), with higher significance for HLA-C and lower significance for HLA-B. Note, however, that the inclusion of biallelic markers in the model is likely to reduce the power of the multiallelic markers because the phase in many cases becomes unresolvable (resulting in only one pseudo-control per case compared with the three pseudo-controls achieved with phase resolved). Therefore, these P-values are not directly comparable to those of the analyses performed in steps 1 and 2.
Fourth step: validation using LD patterns and haplotype estimates To evaluate the significance, validity and relationship between the best model markers identified in the regression analyses, we examined LD patterns and performed conditional allelic tests based on haplotype estimates. In addition to using the complete all-affecteds dataset, these analyses were also performed separately in each of the three European subpopulations because of the possible influence of population stratification. To minimize the number of analyses and issues of multiple testing, we only included markers with significant P-values in steps 2 and 3 (Tables 2-5).
The overall relationship between the best model markers in terms of global LD (D 0 ) patterns in the complete dataset is given in Figure 3a . As for the LD plot of the 76 significant SNPs in the single point tests (Figures 2a and b) , these results supported the idea of independent regions, although some LD were observed between the regions (average D 0 within each of the four regions: 0.48-0.86; average D 0 between regions o0.31). The general LD patterns were similar in the subpopulations, but with some notable exceptions for rs6926530 (Figures 3b-d) .
The distribution of alleles of the best model markers on each separate DRB1-DQA1-DQB1 haplotype was mapped using family-based haplotype estimates. Significant associations from analyses of one SNP at a time conditioned on the different DRB1-DQA1-DQB1 haplotypes are given in Supplementary Table 2 , and for HLAloci in Supplementary Table 3 . For the HLA-loci, we additionally calculated approximate associations for individual alleles across all DRB1-DQA1-DQB1 haplotypes by reorganising the results according to the allele, regardless of the significance level (Supplementary Table 4 ). Note that sibship dependencies in the allaffecteds dataset also introduce some linkage (see Supplementary Methods): the results of these analyses should therefore be regarded as descriptive, and only be used for evaluation of the relative contribution of each polymorphism or allele.
After mapping each polymorphism separately, we additionally investigated relationships between associations mapping to the same DRB1-DQA1-DQB1 haplotypes, within and across regions, by mapping two and two polymorphisms together. This often resulted in small numbers and non-significant associations (data not shown). However, the underlying haplotype patterns between the associated alleles were revealed, which to some extent made it possible to determine whether one of the polymorphisms could explain the other, or if they marked independent effects.
Region 1: rs4122198, rs1619379, rs1611133 and rs2394186
In region 1, the four best SNPs identified by conditional regression modeling (Tables 2 and 4 Table 2 ). The haplotype patterns observed when mapping combinations of two SNPs together on the different DRB1-DQA1-DQB1 haplotypes also indicated that rs1619379 and rs1611133 marked the same effects, whereas other SNP combinations appeared at least partly independent of each other (data not shown). Relatively high LD was also observed between rs1611133 and polymorphisms in region 2 (up to D 0 ¼ 0.65 in the complete dataset; Figure 3a ). In concordance with this, mapping two-locus combinations from region 1 and region 2 together on the different 
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Analyses were performed in the all affecteds dataset. The set of six SNPs were selected in a forward/backward stepwise regression procedure, adjusted for genotypes of the previously selected HLA loci (HLA-C + -B + -DPB1 + -DRB1-DQA1-DQB1; Table 3 ). P-values are from Wald tests in the model containing all six SNPs on top of the selected HLA-loci. Analyses were performed in the proband dataset. The set of five HLA loci were selected in a forward/backward stepwise regression procedure, adjusted for genotypes of the previously selected SNPs (nine SNPs; Table 2 ) and DRB1-DQA1-DQB1. P-values are for inclusion in the model. a HLA-A, -DPA1 and -DPB1 are not within the boundaries of the regions as defined by the SNPs (cf. Figure 1 ). See Tables 1 and 2 for other definitions.
DRB1-DQA1-DQB1 haplotypes revealed that the associations on DRB1*03-DQA1*0501-DQB1*0201 for both rs1611133 and rs1619379 (but not rs4122198) could be explained by HLA-B, most notably by the B*18 and B*08 alleles (data not shown). Moreover, the associations for rs4122198 and rs2394186 on the DRB1*08-DQA1*0401-DQB1*0402 haplotype could be explained by B*39. However, no further connections were apparent with polymorphisms outside region 1 (data not shown). Consequently, three SNPs, that is, rs4122198 and rs2394186 together with rs1619379 or rs1611133, were necessary to explain the association in region 1, which although picking up some of the association in region 2, appeared to mark effects that were truly independent of other regions.
Region 2: rs6926530, rs3130695, rs4713468, rs2246626, HLA-C and -B In region 2, four SNPs, HLA-C and -B appeared in the best regression models (Tables 2-5 ). Allelic association tests conditioned on DRB1-DQA1-DQB1 haplotypes showed that HLA-C alleles C*05, C*06, C*07 and C*12 and HLA-B alleles B*13, B*18 and B*39 generally appeared to be predisposing, whereas C*01, C*02, C*04, B*08, B*35 and B*44 appeared to be protective (Supplementary Table 3 ). Notably, however, C*05, C*06, C*07, C*12, B*08 and B*44 also showed non-significant tendencies in the opposite direction on certain DRB1-DQA1-DQB1 haplotypes (P uncorrected o0.05 in the complete dataset, data not shown), which may indicate that the associations for these alleles were secondary. In contrast, B*18 and in particular B*39 showed a strikingly consistent and strong predisposing association pattern, both on individual DRB1-DQA1-DQB1 haplotypes (Supplementary Table 3 ; also when regarding non-significant tendencies: data not shown) and across all haplotypes (Supplementary Table 4 ). Moreover, mapping of HLA-C and -B together on the different DRB1-DQA1-DQB1 haplotypes revealed that B*39, B*18 or B*13 were able to explain most of the positive association of C*05, C*06, C*07 and C*12 (data not shown). This was consistent with the high LD observed between these two markers (D 0 ¼ 0.84 in the complete dataset; Figure 3a) and the above suggested secondary association for these particular HLA-C alleles. Therefore, although C*01, C*02 and C*04 showed signs of independent association, HLA-B appeared to be largely primary to HLA-C.
As for region 1, some of the SNPs within this region were in relatively high LD, especially rs2246626 and rs4713468 (D 0 ¼ 0.99 and r 2 ¼ 0.63 in the complete dataset; Figure 3a ). Rs6926530, which was the only SNP that showed up in both regression models (Tables 2 and 4 (Figures 3b and c) . Both of these observations could indicate that this SNP association was an artefact (see next section). Moreover, rs6926530*G is a rare allele (frequency 1.9% in founders), with only 10 informative transmissions behind the single significant association observed (Supplementary Table 2 ). Therefore, this SNP is unlikely to mark an important contribution to the risk of developing T1D, if at all.
When including the best SNPs in the regression model together with DRB1-DQA1-DQB1, the HLA-B association was heavily reduced (best HLA-model step 3; Table 5 ). Although this may partly be attributed to the loss of power when including biallelic SNPs (see Third step, p. 4), it is noteworthy that one of these SNPs, rs3130695, was in high global LD with HLA-B (D 0 ¼ 0.81 in the complete dataset, Figure 3a) . Moreover, strong allelic LD (D 0 but not r 2 ) was observed between most of the associated HLA-B alleles and alleles at rs3130695, rs2246626 or rs4713468, although sometimes between alleles showing opposite risk tendencies (data not shown). It may therefore be speculated that the reduction in significance for HLA-B partly was attributable to a redundancy between HLA-B and the SNPs. Accordingly, exploring combinations of HLA-B and either of these SNPs revealed that all of the significant individual allelic associations where HLA-B and an SNP mapped to the same DRB1-DQA1-DQB1 haplotype (cf. Supplementary Tables 2 and 3) could be explained by HLA-B alleles (data not shown). An exception was the association of rs3130695 on the DRB1*1301-DQA1*0103-DQB1*0603 haplotype, which appeared to be independent both of HLA-B and any other marker, inside or outside region 2 (data not shown).
In summary, HLA-B, and in particular alleles B*18 and B*39, appeared to best capture the T1D association in region 2, although the inclusion of HLA-C (in particular alleles C*01, C*02 and C*04) and rs3130695 may be necessary to explain all of the observed association in this region.
Region 3: rs3132959, rs2076522, rs660895 and rs6457617 In region 3, associations for the SNPs rs2076522, rs660895 and rs6457617 predominantly mapped to the group of rare DRB1-DQA1-DQB1 haplotypes (Po1.0 Â 10 -8 ; Supplementary Table 2 ). This is a heterogeneous group, and these associations should therefore be regarded as artefacts. All of these SNPs were in strong LD with DRB1-DQA1-DQB1 (D 0 ¼ 0.88-0.96 in the complete dataset; Figure 3a) , which was reflected in near invariance on the majority of individual DRB1-DQA1-DQB1 haplotypes, particularly for rs660895 and rs6457617.
A significant association was seen for rs6457617 on the DRB1*0901-DQA1*0301-DQB1*0303 haplotype (P ¼ 0.0013), but the association on the grouped rare haplotype (P ¼ 5.6 Â 10 -9 ) appeared to be the main contributor to the overall association. The remaining SNP in this region, rs3132959, showed a different association pattern and lower LD with DRB1-DQA1-DQB1 (D 0 ¼ 0.63 in the complete dataset; Figure 3a) . However, the only significant association, on DRB1*07-DQA1*0201-DQB1*0201 (Supplementary Table 2 ), could apparently be explained by the HLA-B associations mapping to the same haplotype (B*13 and B*44; data not shown). Therefore, none of the SNPs in region 3 appeared to represent truly independent associations. Region 4: rs9368757, rs439121 and HLA-DPB1 In region 4, two SNPs and the HLA-DPB1 locus emerged from the regression modeling procedures (Tables 2 and 3) . The haplotype analyses showed that DPB1*0301 and DPB1*0401 appeared predisposing, whereas DPB1*0402 appeared protective (Supplementary Table 3 ). Nonsignificant association tendencies (P uncorrected o0.05 in the complete dataset; data not shown) for DPB1*0301 and in particular DPB1*0402 were consistent across several additional haplotypes, whereas DPB1*0401 showed a contrasting protective tendency on certain haplotypes, which, similar to some of the marker alleles in region 2, may indicate secondary association.
The regression modeling procedures left no significant SNPs or HLA-loci in this region when adjusting for markers of the other type (best model step 3, Tables 4 and 5) . Haplotype-based analyses combining these polymorphisms with those in other regions did not indicate any strong connections (data not shown), in agreement with the low global LD observed across the border of region 4 ( Figures 1 and 3a-d) . Therefore, a possible explanation for the regression results is that the associations seen with the two marker types within this region were closely connected, partly cancelling each other out. The global LD was also markedly higher between HLA-DPB1 and the SNPs than between the SNPs themselves (D 0 ¼ 0.62-0.76 compared with D 0 ¼ 0.06 in the complete dataset; Figure 3a) . Furthermore, mapping of HLA-DPB1 together with either SNP on the different DRB1-DQA1-DQB1 haplotypes showed that DPB1*0402 and DPB1*0301 were almost always located together with the protective and predisposing SNP alleles, respectively (data not shown). This was reflected in generally high LD values between these specific alleles, especially between rs9368757*A and DPB1*0402 (D 0 ¼ 0.90, r 2 ¼ 0.53). Moreover, the significant individual allelic associations of HLA-DPB1 and rs9368757 broadly mapped to the same DRB1-DQA1-DQB1 haplotypes (cf . Supplementary Tables 2 and 3) , and neither appeared better at explaining the overall association than the other (data not shown). HLA-DPB1 and rs9368757 therefore appeared to mark the same effect. In contrast, the relatively high LD between certain alleles was not reflected in the individual association patterns of HLA-DPB1 and rs439121, with only one haplotype in common (cf . Supplementary Tables 2 and 3) , and mapping of these two markers together indicated that these associations were largely independent (data not shown). Taken together, in region 4, rs439121 and either rs9368757 or the HLA-DPB1 locus (principally involving the DPB1*0402 and 0301 alleles) seemed necessary to explain the association with T1D.
Extended LD analyses
The SNPs genotyped in this screen represent only a limited number of the total number of SNPs in the MHC, and so might tag other non-genotyped causal SNPs. Therefore, we performed extended analyses of LD to look for SNPs in particular high LD (r 2 40.8) with our best model SNPs, as these are expected to convey much of the same information. For these analyses, we used HapMap data (CEPH population), as well as all of the SNPs in the T1DGC all-affecteds dataset within the defined regions. Boundaries for these regions were demarcated by the 76 best SNPs (Figure 1 ), but excluding rs6926530, rs4713468 and rs2246626 in region 2 and all of the SNPs in region 3 (because of results of the haplotypebased analyses, pp. 5-6). For region 1, we additionally included flanking regions extending to the UBD gene and HLA-A gene, respectively, because of recently reported T1D associations with these genes. 6, 10 All of the SNPs that were in high LD with our prime candidate SNPs were located close to the best model SNPs, with the greatest distance observed in region 4 (23 kb; Supplementary Table 5 ). Moreover, the genes most often implicated by these LD SNPs were the same as those marked by the best model SNPs (HLA-G, COL11A2 and RING1, see Discussion, pp. 7-8).
Discussion
In this paper, we have used a combination of stepwise conditional regression and conditional allelic tests with family-based haplotype estimates to narrow down candidate regions for T1D risk factors within the classical MHC. By these means, we identified four separate regions with highly significant T1D association independent of the known risk factors HLA-DRB1, -DQA1 and -DQB1, and demonstrated independence for three of these regions also of each other. The associations in region 3 were shown to be dependent on HLA-B in the neighbouring region 2 or on artefacts of rare DRB1-DQA1-DQB1 haplotype grouping, aspects that were only revealed by haplotype-based analyses. Thus, large physical distance (cf. Miretti et al. 14 ) , regression modeling procedures and LD plots were not sufficient. This level of complexity is not surprising in the MHC, which is known to contain frequent ancestral haplotypes with variable conservation between distant markers, [15] [16] [17] [18] and LD patterns that show great variation depending on the particular DRB1-DQA1-DQB1 haplotype. [19] [20] [21] Therefore, it seems clear that only analyses involving haplotypes will give the necessary depth in the results to establish true independence.
The regions and markers identified in this study partly confirm associations reported previously, but also represent novel findings. Although none of our prime candidate SNPs have been reported associated with T1D earlier, potential connections with previous findings were evident.
Novel associated SNPs in region 1 are proximal to HLA-G The best SNPs we identified in region 1-rs4122198, rs2394186, rs1619379 and rs1611133-appeared partly redundant, especially the two latter SNPs. We have previously shown that a microsatellite located in the middle and within 46 kb of these SNPs, D6S2773, is also associated independently of DRB1-DQA1-DQB1 in the T1DGC MHC dataset (Eike et al., submitted). High global LD was observed between this marker and rs4122198 or rs1611133 (D 0 ¼ 0.76 and 1, respectively), and between D6S2773*227 (predisposing) and the predisposing alleles of all the SNPs (D 0 ¼ 0.76-1; r 2 ¼ 0.02-0.52). Together with the strong LD between the SNPs themselves and the relatively small distances, this suggests that all of these markers, at least in part, mark the same locus. The only NCBI Reference Sequence (RefSeq 22 ) gene within this region is the nonclassical MHC class I gene HLA-G (D6S2773 being the closest marker, 3.5 kb 5 0 of the coding region; see also Figure 1 ), which has been implicated in asthma. 23, 24 More importantly, a recent report demonstrated constitutive expression of HLA-G in pancreatic islets and suggested an immunoregulatory role with possible implications for autoimmunity. 25 Unlike the classical MHC class I genes, the non-classical genes exhibit low polymorphy in the coding regions. Therefore, these results suggest that fine mapping of the HLA-G gene, with the surrounding region to include putative regulatory sites, is warranted in T1D.
In a recent study by Nejentsev et al., 10 using large British T1D case-control datasets, HLA-A was reported to be associated in regression analyses adjusting for HLA-DRB1 and -DQB1, and additionally when adjusting for HLA-B. Although this was not observed in a family dataset in the same study (850 British and US T1D families, most of which are included in the T1DGC MHC dataset; however, a different panel of SNPs were genotyped), this was mainly attributed to weaker statistical power but is in concordance with the negative finding in our study. However, an alternative explanation is that HLA-A acted as a proxy for another locus in the vicinity. utilizing parts of the T1DGC MHC dataset (1240 families) and the DAISY cohort, were also not able to confirm the association with HLA-A, but reported two SNPs, rs389419 and rs1233478 in the UBD/MAS1 L gene region, which is located B300 kb telomeric of region 1. Again, rs389419 was in high global LD with the four best SNPs we identified in region 1 (D 0 ¼ 0.88-0.96), as well as with the HLA-A gene (D 0 ¼ 0.95). This SNP may therefore potentially reflect the same effect as reported in both our and Nejentsev's study. In contrast, rs1233478 was in low or moderate LD with the same markers (D 0 ¼ 0.10-0.57). However, neither of the SNPs reported by Aly et al. showed a significant effect independent of DRB1-DQA1-DQB1 in our analyses. Moreover, extended LD analyses between our associated SNPs and SNPs from HLA-A to the UBD/MAS1 L region showed the strongest LD with SNPs within or very close to region 1, both for T1DGC families and for the HapMap CEPH population.
Consequently, there is separate evidence of association between T1D and several loci in the telomeric part of the classical MHC. Even though the final conclusions in each report seem contradictory, the apparent LD between most of the identified markers may be taken as a strong evidence that there is an additional T1D susceptibility locus in this part of the MHC, although the exact location remains to be verified.
Strong evidence for a primary role of HLA-B in region 2
The strongest evidence in any of our conditional analyses was obtained for HLA-B, which appeared to account for most of the association in region 2, independently of all other investigated markers. Several earlier reports have pointed to this gene as a T1D risk factor independent of HLA-DRB1 and -DQB1, including convincing replications in independent case-control populations in the report by Nejentsev and co-workers, with the most consistent evidence, as in our study, for the B*39 and B*18 alleles. 6, 9, 10, 26, 27 We also found a protective effect of B*44, consistent with earlier findings. 27 However, the association tendencies for a predisposing effect, which we observed on some of the DRB1-DQA1-DQB1 haplotypes, could indicate that this was not a primary association.
HLA-C alleles C*01, C*02 and C*04 and the SNP rs3130695 25 kb telomeric of this gene (the closest gene according to RefSeq) also showed indications of truly independent associations in our study. HLA-C has previously been reported associated with T1D independently of the HLA-DRB1 and -DQB1 genes, [27] [28] [29] but there is little overlap between the specific alleles reported. Moreover, Nejentsev et al. 10 could not identify an independent association of this gene in their families, although this could be because of lower statistical power (850 vs 2301 families; HLA-C was not investigated in their case-control materials). Therefore, HLA-C as a risk factor in T1D remains to be verified.
It is interesting to note that Nejentsev et al. 10 reported an association with rs4151651 in the CFB gene (between regions 2 and 3), independently of HLA-B, -DRB1 and -DQB1, but this SNP did not show significant independent association in our analyses (data not shown).
To conclude, the accumulated evidence strongly suggests a primary role in T1D for the HLA-B gene, although additional effects conferred by HLA-C or another locus in high LD with HLA-C might also exist in this region. HLA-B is the most polymorphic of the classical MHC class I genes, which also include HLA-A and HLA-C. The peptides encoded by these genes have central roles in both adaptive and innate immunity (in antigen presentation and as KIR ligands, respectively). Moreover, with the direct role in CD8 þ T-cell-mediated destruction of b-cells in the non-obese diabetic mouse model of T1D, [30] [31] [32] [33] [34] [35] these genes are excellent candidates for T1D involvement.
The associations in region 4 cannot be explained by HLA-DPB1 alone In region 4, associated alleles of HLA-DPB1 (primarily DPB1*0402 and 0301) and rs9368757 (2.1 kb. downstream of the COL11A2 gene) showed a high degree of redundancy, but with additional effects marked by rs439121 (12.4 kb downstream of the RING1 gene; see also Figure 1 ). This redundancy, in addition to the lower power expected particularly for HLA-DPB1 (because of inclusion of bi-allelic markers in the model), could explain why no markers in region 4 were included in the best models of step 3. Of note, rs2229634 in the ITPR3 gene, 445 kb centromeric of rs439121 (and thus outside region 4), was recently reported associated with T1D in a Swedish study, 36 but did not show significant independent association in our analyses (data not shown), which is in agreement with other replication attempts. 6, 10, 37 HLA-DPB1 has been implicated in T1D previously, predominantly involving the DPB1*0202, 0301 and 0402 alleles, 4, 28, 29, [38] [39] [40] [41] [42] [43] but conflicting evidence has led some authors to question the status of this locus as an independent risk factor. 44, 45 Some of this controversy could be explained by our findings, as HLA-DPB1 alone was not enough to explain all of the association in this region, and the redundancy with rs9368757 points to the possibility that another locus could account for the apparent effect of HLA-DPB1. Thus, our results suggest that there could either be more than one additional risk factor in this region, or that the causal variant is a yet unidentified locus in high LD with all of the markers we identified. The extended LD analyses did not indicate that the observed SNP effects extended far beyond the RING1 and COL11A2 genes, which suggests further fine mapping concentrated around these genes, in addition to HLA-DPB1.
Associations limited to a subset of DRB1-DQA1-DQB1 haplotypes None of the investigated markers showed association on all individual DRB1-DQA1-DQB1 haplotypes (Supplementary Tables 2 and 3 ). To some degree this is expected, as the power of the haplotype-based tests relies both on allele frequencies of each of the tested marker and of the DRB1-DQA1-DQB1 loci. However, this cannot explain the whole picture, as several haplotypes were relatively common. The most striking observation was that very few of the markers seemed to influence the high-risk DRB1*0401-DQA1*0301-DQB1*0302 haplotype (only rs1619379 and rs1611133 in region 1), in contrast to the other major risk haplotype DRB1*03-DQA1*0501-DQB1*0201, despite the fact that both were present at high frequencies. In theory, such apparent haplotypespecificity could indicate specific epistatic effects between marked aetiological loci and the DRB1-DQA1-DQB1 loci. However, the underlying causal variant may also form complex haplotype structures, such that the marking by the investigated polymorphisms was detectable only on certain DRB1-DQA1-DQB1 haplotypes. It is well-known that both the LD and allelic content vary on different HLA haplotypes. [19] [20] [21] 46 Population stratification and results in European subpopulations Although the T1DGC MHC dataset consists mostly of samples of Caucasian ancestry (only approximately 2% of the samples have known non-Caucasian ancestry), population stratification is still a possible confounding factor. However, there are several reasons why this is not likely to have had a large impact on our results: Firstly, the logistic regression approach used in the first step to identify candidate markers for further analyses is, unlike the haplotype estimations, not sensitive to population stratification. 47 Secondly, global LD plots of the involved markers did not show large differences between the different subpopulations and the complete dataset (Figures 3a-d) . Thirdly, results in the subpopulations generally showed the same tendencies as in the complete dataset, even if results in many cases were not significant. This lack of significance was most likely because of a loss of statistical power, for example, the Southern and Eastern European datasets comprised only 161 and 228 families, respectively. Also, small population sizes become critical when dealing with rare effects, which was obvious for several of the associations reported here (for example, HLA-B*39 had a frequency of only 2.9 % in the complete dataset). On top of this, the stratification by DRB1-DQA1-DQB1 haplotypes, which in several cases had low frequencies, meant that the cell counts quickly became too small to perform meaningful tests.
Conclusion
In conclusion, our results present strong evidence for the existence of at least three T1D susceptibility loci in the MHC additional to the well-established DRB1-DQA1-DQB1 loci. Furthermore, by inclusion of all of the best markers as measured by independence of DRB1-DQA1-DQB1 in conditional regression modeling, use of a complementary method based on haplotype estimates and LD analyses, we have demonstrated the independence of these loci also of each other. In particular, novel T1D risk variants have been identified close to or within the HLA-G gene, and within a region demarcated by the HLA-DPB1/COL11A2/RING1 genes. In addition, our findings provide strong support for a primary role of HLA-B and suggest involvement of HLA-C or a locus in high LD with this gene. However, the complexity of the identified associations indicate that the true aetiological polymorphisms remain largely unidentified, or in the case of HLA-B, possibly incomplete. Therefore, replication in other T1D populations and further fine mapping in or near the suggested regions is warranted.
Materials and methods
The T1DGC MHC dataset (February 2007 release) consists of 2321 families (11279 individuals) from Europe, USA and the Asia Pacific, predominantly of Caucasian ancestry (see 'Ethnic groups' section). Each family included two affected siblings or more (59 families with only one affected child) and both parents (1718 families). SNP genotyping was performed by the Wellcome Trust Sanger Institute using the two dense standard Illumina mapping and exon-centric MHC panels (1536 SNPs in each panel with 115 overlapping SNPs). Genotyping of HLA-A, -C, -B, -DRB1, -DQA1, -DQB1, -DPA1 and -DPB1 involved four genotyping laboratories using line strip technology, with standardized methods, common reagents and a central computing system and software processing package. Some samples (mainly from the British Diabetes Association cohort; 423 families) have been genotyped for these loci previously using other methods. Further details are available on the T1DGC website (http://www.t1dgc.org).
Sample selection and handling of genotypes Genotyping data and pedigree information were handled using Progeny Lab v6 (Progeny Software LLC, South Bend, IN, USA). The dataset was edited to contain only two generations per family (affecting 34 extended pedigrees), and children without any genotype data were removed. An unusually high number of recombinations within a family points to a potentially wrong pedigree structure. Therefore, we used FAMHAP 48 to compute haplotypes for all windows of two neighbouring markers including all marker types (after application of quality controls, see 'Marker quality checks' section, p. 10) and counted for each family the number of windows with a recombination. Among families with at least one recombination, on average 38 (out of 2381, s.d. ¼ 60) windows per family showed a recombination. Families with more than this average þ 3 s.d. (that is, 218 recombinations) were removed (n ¼ 21). In total, the remaining number of samples was 10618 in 2301 families (referred to as the 'all-affecteds dataset').
The statistical tests of multiallelic loci showed unreliable results when using the sandwich variance estimator for adjustment of sibling dependencies (see 'Statistical analyses' section, p. 10). We therefore made an alternative dataset containing one proband per family. The proband was chosen as the child with the youngest age of onset, if available, otherwise as the affected child with the highest analytic ID. Unaffected siblings were retained to improve phase assignment, whereas siblings diagnosed with T1D were removed. This resulted in a total number of 8190 samples in 2301 families (referred to as the 'proband dataset').
For extended LD analyses, we used data from the HapMap project, 49 and limited our analyses to the samples most likely to be similar to the T1DGC families, the CEPH population (30 trio families resident in Utah with ancestry from Northern and Western Europe).
Ethnic groups
Ethnic groups were specified on the basis of self-reported ethnicity. The following groups were used in analyses: Caucasian (n ¼ 10436/2262 families): all families (including those where no ethnicity information was available) except those of Asian, African or indigenous non-Caucasian ancestry; Northern Europe (n ¼ 3530/781 families): families from the United Kingdom and Ireland, Scandinavia, Germany and the Netherlands; Eastern Europe (n ¼ 1029/ 228 families): families from Poland, the Czech Republic, Slovenia, Hungary, Serbia, Romania, Bosnia and Slovakia; Southern Europe (n ¼ 768/161 families): families from Italy, Spain, Portugal, France and Malta.
Recoding and grouping of alleles at HLA-loci Genotypes for HLA-DRB1, -DQA1 and -DQB1 were replaced by a haplotype code spanning all three loci, with phase inferred based on common haplotypes. Mendelian consistency (verified with Pedcheck 50 ) was evaluated for quality control. Details of this procedure are described in Supplementary Methods. For HLA-A, -B and -C, all genotypes were downcoded to 2-digit resolution to avoid artefacts of varying degrees of typing resolution. To limit the number of input variables, alleles with frequencies below 1% (calculated in parents of the all-affecteds dataset) were grouped for each HLA-locus. This included the DRB1-DQA1-DQB1 haplotype codes, with the exception of the DRB1*0403-DQA1*0301-DQB1*0302 haplotype (frequency: 0.48%) because of the demonstrated protective effect of the DRB1*0403 allele (for example see, Thomson et al., Undlien et al. 1, 51 ).
Marker quality checks SNP positions were defined against genome build 36 (NCBI dbSNP build 126). In cases where the rs-ID or reference sequence could not be found or showed double positional hits in dbSNP build 126, genotypes were removed. In addition, we removed SNPs with reports of more than two alleles in dbSNP build 127, SNPs that were monoallelic or with minor allele frequencies below 1% (calculated in parents of the all-affecteds dataset) and SNPs with genotype success rates below 80% (calculated among individuals in the all-affecteds dataset with at least one successful result for any SNP). HardyWeinberg equilibrium was calculated in the above described ethnic groups using the exact test implemented in the program Pedstats. 52 SNPs showing disequilibrium with Po10
À5 in any one of the populations, or o10
À3
in at least two separate populations, were removed. All genotypes were investigated for Mendelian errors using Pedcheck, and inconsistent genotype data was removed for the affected polymorphism in the entire involved family. The above procedures resulted in a final dataset containing 2296 SNPs and all 5 HLA-loci, in addition to the DRB1-DQA1-DQB1 haplotype code.
For HapMap data, SNPs with minor allele frequency o0.001, that were not in Hardy-Weinberg equilibrium (Po0.05) or with Mendelian errors were excluded.
Statistical analyses
Transmission disequilibrium test for the SNPs were performed in the all-affecteds dataset using PLINK v1.0 53 and for HLA-loci in the proband dataset using UNPHASED v2.4.
54
Conditional logistic regression, adjusted for DRB1-DQA1-DQB1 genotypes, was used for evaluation of the importance of SNPs and allelic variants at the HLA-A, -C, -B, -DPA1 and -DPB1 loci on T1D susceptibility. We used the conditioning strategy 4 described in Cordell and Clayton, 55 implemented in STATA (STATA corp., TX, USA). Allele models were used for the SNPs, and genotype models for the multiallelic HLA-loci. Each SNP was tested in the all-affecteds dataset using the Wald test with the sandwich variance estimator, to account for dependence between affected children in the same family. For multiallelic loci this approach gave unreliable results, most likely due to having too many low-frequent genotypes in the model. Therefore, we restricted the analyses of the HLA-loci to the proband dataset, using the likelihood ratio test.
LD measures (D 0 and r 2 ) between SNPs were calculated using Haploview v4.0, 56 whereas global LD (D 0 ) between SNPs and multiallelic loci were analyzed using FAMHAP, based on the generalized D 0 measure. Raw data plots from the FAMHAP output were generated with GOLD 57 and edited using Adobe Illustrator. Calculations of LD between specific alleles (D 0 and r 2 ) were performed using UNPHASED with expectation maximization (EM) estimation and values for nontransmitted haplotypes.
Details of the haplotype-based methods are available in the Supplementary Methodssection. Briefly, maximum-likelihood haplotype frequency estimates combining markers with DRB1-DQA1-DQB1 haplotypes were computed in the all-affecteds dataset (both in the total material and separately in each of the subpopulations) using FAMHAP, excluding families who were recombinant for the respective markers. Based on these estimates, haplotype transmission/non-transmission (T/NT) tables were constructed as described elsewhere (counting T/NT from heterozygous parents 48 ) and haplotypes were organized in separate groups for each DRB1-DQA1-DQB1 haplotype. Statistically significant deviations of a marker within each of these DRB1-DQA1-DQB1 groups were tested in 2 Â 2 contingency tables, using Pearson's w 2 test, or Fisher's exact test (twotailed; using EpiCalc 2000 v1.02; http://www.brixtonhealth.com/epicalc.html) when any of the cell counts were below 5, and odds ratios were calculated. To exclude possible artefacts of rare genotyping errors, results for T þ NTo10 were excluded. For calculations of approximate association levels of individual HLA-alleles across all DRB1-DQA1-DQB1 haplotypes (excluding the grouped rare haplotypes, which provides no meaningful information), we reorganized the above results according to HLA-alleles and added together w 2 -values for all individual tests for each allele where T and NT were greater than 4.
